Flagella are conserved organelles among eukaryotes and they are composed of many 2 proteins, which are necessary for flagellar assembly, maintenance and function. 3
Introduction 1 strategy, we carried out a stringent reciprocal BLAST analysis by comparing CbFP 1 sequences with the genome-encoded proteomes of eighteen selected eukaryotic species 2 to identify putative orthologous proteins of CbFP (Supplementary Table S2) . As 3 expected, species lacking a flagellated stage in their life cycle tended to possess fewer 4 orthologous proteins than species that possess flagella ( Fig. 2A) . Among the four 5 stramenopile species, Phytophthora infestans, an oomycetes species bearing "9+2" 6 axonemes, had the most orthologs. The centric diatom Thalassiosira pseudonana, 7 whose sperm flagella possess a "9+0" axoneme (Idei et al. 2013 which showed that in a compiled inventory of kinetoplastid flagellar proteins, 43% 21 sequences were specific to this phylogenetic group perhaps due to their unique 22 paraflagellar rod structure (Baron et al. 2007; Broadhead et al. 2006; Ralston et al. 1 2009) . 2
The orthologs found in non-flagellated organisms indicated that these proteins, 3 which include kinases and metabolic enzymes, might play roles in both flagella and the 4 cytoplasm. To identify the proteins that are highly conserved only in flagella, we 5 analyzed 40 CbFP orthologous proteins shared in flagellated P. infestans, C. reinhardtii 6 and human, but not in A. thaliana (Fig. 2B ). Of these proteins, 19 (48%) were essential 7 components of the flagellar axoneme or the IFT system, and 10 (25%) had putative 8 functions in signal transduction or metabolism pathways. However, the function of 11 9 (27%) of these proteins still remained unclear (Supplementary Table S3 ). It is 10 interesting that a molecular chaperon protein, Hsp70 (CBJ32839.1), was conserved in 11 the flagellated species but not in A. thaliana. The first identification of Hsp70 in flagella 12 was reported in Chlamydomonas (Bloch and Johnson 1995), after which a further 13 exploration of molecular chaperons suggested their wide distributions as flagellar 14 components (Stephens and Lemieux 1999) . Despite the large number of HSP family 15 members, the only CbFP Hsp70 ortholog in Chlamydomonas was HSP70A 16 (XP_001701326) (Supplementary Table S2), which was reported localizing in flagella 17 (Shapiro et al. 2005) . This indicates that some flagellar Hsp chaperons might have 18 unique functions in flagellar assembly and maintenance. 19
In addition, we subjected the CbFP to a BLAST (E-value was set as ≤ 1e (Fig. 2C) . One hundred and seventy-four of the CbFP proteins had homologs 1 in the C. reinhardtii flagellar proteome (CrFP), most of them being known structural 2 and motor proteins (Supplementary Table S4 ), indicating the common characters of 3 flagella in these two algal species. However, the large proportion (321) of the CbFP that 4 lacks homologs in the CrFP reflects the significant differences between them. These 5 include obvious structural differences, such as flagellar length, mastigoneme and 6 paraflagellar body, and perhaps distinct sensory functions of the flagella. For example, 7 transduction of light stimuli in C. reinhardtii is triggered from cytoplasmic 8 channelrhodopsins to flagellar axonemes (Govorunova et al. 2004; Okita et al. 2005) , 9 while in brown algae the photoreceptor protein is likely to be located at the PF 10 (Flores- Moya et al. 2002; Kawai 1988; Kawai et al. 1990; Müller 1987) , which implies 11 a different light-induced signaling cascade within the flagella. Therefore, the list of 321 12 proteins in the CbFP that lack CrFP homologs provide potential candidates to explore 13 the proteins associated with structural and functional differences between brown and 14 green algal flagella. 15
Conservation of flagellar disease proteins in CbFP 16
Increasing evidence supports that flagellar dysfunction causes severe vertebrate 17 diseases (Bisgrove and Yost 2006; Fliegauf et al. 2007; Marshall 2008; Marshall and 18 Nonaka 2006) . Since flagella are highly conserved organelles among eukaryotes, 19 proteins involved in many of these flagella-related disorders could also be detected in 20 non-vertebrate organisms such as C. reinhardtii (Pazour et al. 2005) . Likewise, we 21 identified homologs of such proteins in CbFP and all of them had a matched sequence 22 in the human genome when analyzed by BLAST (Table 1) . Defects in these proteins 1 result in a broad range of vertebrate diseases, including dysfunction of the male 2 reproductive system, hydrocephalus, Bardet-Biedl Syndrome, polycystic kidney disease 3 and so on (see references in Table 1 It would be intriguing and important to identify AF-and PF-specific proteins to 13 explain their morphological and functional heterogeneities at the molecular level in 14 brown algae. We have developed an effective procedure to separately isolate AF and PF 15 (Fig. 3A-D) . One-dimensional gel electrophoresis confirmed that several bands limited 16 to AF or PF could be detected (Fig. 3E) . We also performed 2-D analysis of the isolated 17 flagellar proteins, which yielded over 20 specific spots associated with each flagellar 18 preparation ( Supplementary Fig. S2 ). Utilizing these flagellar fractions, we attempted to 19 identify AF-and PF-specific proteins by LC-MS/MS. 20
Three and fourteen proteins which were specific to AF and PF, respectively, 21 were identified by two or more peptides (Supplementary Table S5 ). The identification 22 of a mastigoneme-associated protein (CBJ28331.1) in the AF proteome but not in the 1 PF indicates that these proteins are likely to be bona fide flagella-specific proteins. A 2 giant protein (CBJ30163.1) annotated as "similar to connectin/titin isoform N2-B" was 3 identified in the AF-specific dataset. It has an extraordinary huge predicted molecular 4 weight of 1822 kDa and at the N-terminal, a signal peptide and one transmembrane 5 helix could be predicted. The domain architecture of this protein includes multiple 6 copies of the "Fibronectin type III" domain, three "PA14" domains and three 7 "Filamin/ABP280 repeat" domains, which are widely distributed in scaffold proteins 8 involved in ligand binding activity (de Groot and Klis 2008; Feng and Walsh 2004; 9 Koide et al. 1998 ). This connenctin-like protein is likely to be associated with 10 mastigoneme structures in the AF, and this is consistent with our previous study (Fu et 11 al. 2013 Action spectrum analyses of brown algal swarmers indicate that the photoreceptor 4 pigment is flavin and thus the photoreceptor is a flavoprotein (Flores-Moya et al. 2002; 5 Kawai 1988; Kawai et al. 1990; Müller et al. 1987) . Kawai et al. (1996) further showed 6 that this flavin substance was flavin mononucleotide (FMN). When excited by BV light, 7 the binding of FMN to the PF causes the emission of green autofluorescence, suggesting 8 that the photoreceptor is specifically localized at the PF. Importantly, the 9 autofluorescence was only detected in zoospores and gametes that exhibited phototaxis 10 (Kawai 1992; Müller et al. 1987 ). In addition, the paraflagellar body and eyespot appear 11 to be involved in phototaxis since they are lacking in non-phototactic brown algal 12 swarmers (Kawai and Inouye 1989) . A recent study aimed at identifying the nature of 13 the photoreceptor (Fujita et al. 2005) reported an Old Yellow Enzyme homolog protein 14 at the PF of Scytosiphon lomentaria. However, the homologous protein (CBJ27572.1) 15 in CbFP was identified in both the AF and the PF proteome in our study and the 16 existing annotations of its molecular function (relating to oxidoreductase activity) also 17 suggest that it might not be the real photoreceptor. Here we report a candidate novel 18 blue light receptor in the PF-specific proteome and we named it "HELMCHROME" 19 (accession number CBJ26132.1) due to its proposed function in steering the swimming 20 direction of swarmers during phototaxis. 21
Several genes that are predicted to encode photoreceptor proteins such as 1 aureochrome, phytochrome, cryptochrome and cry-DASH, have been detected in the E. 2 siliculosus genome (Cock et al. 2010 ), but none of them were identified in the CbFP or 3 the PF-specific proteome (Supplementary Table S1 ). HELMCHROME was specifically 4 identified in PF with high confidence and it is a multidomain protein with a predicted 5 molecular weight of 168 kDa. The domain architecture of HELMCHROME (Fig. 4A)  6 showed no homology to any protein when searched with the conserved domain 7 architecture retrieval tool (Geer 2002) . The protein consists of two homologous regions 8 that are tandemly arranged from N-terminal to C-terminal. Each region comprises a 9
Regulator of G-protein Signaling domain (RGS) and two Light-Oxygen-Voltage 10 sensing domains (LOV) (Fig. 4A) . The LOV domain is a member of the 11
Per-ARNT-Sim (PAS) superfamily and is a photoresponsive signaling module that can 12 non-covalently bind FMN via 9-11 conserved amino acid residues (Crosson and Moffat 13 2001; Crosson et al. 2003; Losi and Gärtner 2012) . It is noteworthy that the LOV1 and 14 LOV3 domains of HELMCHROME possess all the 11 conserved amino acid residues 15 required for FMN-binding (Fig. 4B) , however, the cysteine residue that is critical for 16 formation of a covalent adduct between the residue and flavin atom C (4a) (Crosson and 17
Moffat 2001) is not conserved in LOV2 and LOV4 (Fig. 4B) . We tentatively assume 18 that the LOV1 and LOV3 are capable of FMN-binding while the other two LOV 19 domains are not. The two RGS domains share sequence similarity of 62% over 120 20 amino acids and their GTP hydrolysis activities imply that heterotrimeric G protein 21 might be involved in the signal transduction pathways in phototaxis of brown algal 1 motile cells. 2
To confirm the subcellular localization of HELMCHROME, we raised 3 polyclonal antibody against a part of the protein (Fig. 4A) . Western blot analysis 4
showed that the antibody detected a band of 170 kDa in the PF-enriched fraction (Fig.  5   4C) . Consistent with the observation of green autofluorescence, immunofluorescence 6 microscopy ( Fig. 4D-F) confirmed that HELMCHROME was localized along the length 7 of PF with an accumulation at the paraflagellar body. Immuno-electron microscopy ( Fig.  8 4G-J) revealed that HELMCHROME was a major component of crystalized material, 9
which is localized at the paraflagellar body and closely facing the eyespot (Fu et al. 10 2013) . This subcellular localization supports a hypothesis that the eyespot has a concave 11 mirror function to enhance the light detection of paraflagellar body during phototaxis 12 (Kawai et al. 1990 ). It will require strict experimental evidence to elucidate the true 13 function of HELMCHROME, however, based on its unique domain structure and 14 subcellular localization, it is likely that HELMCHROME is the photoreceptor protein 15 responsible for phototaxis in brown algal swarmers. proteins. Identification of AF-and PF-specific proteins has provided candidate proteins 3 for investigating the heterogeneity of the two flagella at the molecular level. Finally, 4 HELMCHROME is considered to be a novel blue light receptor protein which is 5 involved in phototaxis of brown algal swarmers. 6 7
Methods 8
Flagella isolation：Mature thalli of Colpomenia bullosa (Saunders) Yamada were 9 collected at Charatsunai (42.03 N, 140.99 E), Muroran, Japan. They were thoroughly 10 washed with autoclaved seawater and placed at 10˚C under dark condition for one night. 11
When the thalli were submerged in chilled seawater next day, a large number of motile 12 cells were released into the seawater. The motile cells were collected by centrifugation 13 at 3000 rpm for 3 min. Two ml of flagellar isolation buffer (30 mM HEPES, 5 mM 14 MgSO 4 , 5 mM EGTA, 25 mM KCl, 1M sorbitol, pH 7.0) were added to the swarmer 15 pellet, and the cells were resuspended in the buffer by pipetting up and down. The 16 suspension was then transferred into a 15 ml glass tube and vortexed vigorously for 17 60-90 sec. In order to remove the cell bodies, the suspension was firstly centrifuged for 18 3 times (2000 rpm, 3 min for each). The supernatant obtained was transferred to a new 19 tube and centrifuged for another 3 times at a higher speed (3000 rpm, 3min for each). 20
Finally, the supernatant was collected into a 1.5 ml centrifuge tube and centrifuged at 21 15000 rpm for 60 min. The flagellar pellet was obtained after removing the supernatant. 22
For isolating AF and PF separately, isolation buffer was added to the collected cell 1 pellets and gently pipetted up and down for 60 sec without vortexing. After this 2 treatment, the AF was readily detached from the cell body while the PF was still 3 remained undetached. The supernatant containing AF was transferred to a new glass 4 tube and treated with the same flagellar isolation procedure as described above. Another 5 2 ml of flagellar isolation buffer was added to the remained pellets, which contained the 6 cells with only PF. Followed the same procedure as used for isolating both flagella, 7 PF-enriched fractions could be obtained after the final centrifugation. All the 8 centrifugations were performed at 4˚C. The isolated flagella were stored at -80˚C until 9
use. 10
Transmission electron microscopy (TEM): Isolated flagella were fixed with 2% 11 glutaradehyde and 2% tannic acid in 0.1 M cacodylate buffer (pH 7.2) for 90 min on ice. 12
After washing with 0.1 M cacodylate buffer, these samples were post-fixed with 2% 13
OsO 4 in 0.1 M cacodylate buffer on ice for 1 h. Samples were dehydrated in an acetone 14 series and embedded in Suppr's epoxy resin. Thin sections were stained with 4% uranyl 15 acetate and lead citrate and observed with a JEM-1011 electron microscope (JEOL, 16 Tokyo, Japan). Preparation for motile cell samples was done by freeze fixation and 17 substitution protocols essentially as previously described (Fu et al. 2013 ; Nagasato and 18
Motomura 2002). 19

Scanning electron microscopy (SEM): Male gametes liberated from gameteophytes of 20
Ectocarpus siliculosus 32m strain which were cultured in half-strength PESmedium 21 15˚C under long-day conditions (14 hr light: 10 hr dark), were simultaneously fixed 1 with 3 ml glutaradehyde fixative (2% glutaradehyde, 0.1% CaCl 2 , 2% NaCl in 0.1 M 2 cacodylate buffer) and 1 ml OsO4 fixative (2% in H 2 O) for 15 min. Fixed gametes were 3 put on Omnipore membrane (0.1 µm) (Merck Millipore, MA, USA) and washed with 4 cacodylate buffer (2% NaCl, 0.1% CaCl 2 in 0.1 M cacodylate buffer). Samples were 5 dehydrated in an acetone series, critical point-dried with HCP-2 (Hitachi, Tokyo, Japan), 6
and finally coated with Au-Pd with E101 ion sputter (Hitachi, Tokyo, Japan). Images 7 were taken by a JSM-6301F field-emission scanning electron microscope (JEOL, Tokyo, 8 Japan) operating at 5 kV. 9
High-speed videography: Flagellar beat patterns of Ectocarpus siliculosus plurizoids 10
were observed using a Zeiss microscope (Axio Vert.A1) under 40x objective. Videos 11 were recorded with a frame rate of 600 frames per sec (fps) by a high-speed digital 12 camera HAS220 (DITECT, Tokyo, Japan). 13
SDS-PAGE and 2-D gel electrophoresis: Isolated flagella were solubilized in SDS 14
sample buffer (50 mM Tris-HCl, pH 6.5, 2% SDS, 10% glycerol, 3% 15 β-mercaptoethanol, 0.2% bromophenol blue) and a protein assay was carried out using 16 the 2D Quant kit (GE Healthcare, Buckinghamshire HP7 9NA, England). Twenty µg of 17 flagellar protein were loaded to 10% polyacrylamide gel and the gel was stained with 18
Coomassie Brilliant Blue. For 2D analysis, flagellar proteins were rehydrated with 200 19 µl of rehydration buffer (Urea, 8M, CHAPS, 2%, 0.5% IPG buffer pH 4-7, 65 mM DTT, 20 0.2% bromophenol blue) and subsequently used for isoelectric focusing with an 21
Immobiline DryStrip gels (IPG strips, pH 4-7, 11cm) (GE Healthcare). The IPGphor 22 IEF System (GE Healthcare) was applied according to the manufacture protocol. Before 1 the second dimension of the electrophoresis, the strip was equilibrated with 2 equilibration buffer (50 mM Tris-HCl, pH 6.8, 6 M Urea, 30% glycerol, 1% DTT and 3 0.2% bromophenol blue) for 30 min. Gels were stained by silver staining method after 4 the second dimension electrophoresis and protein spots were analyzed using PDQuest 5 software (Bio-Rad, Hercules, CA, USA). 6
In-gel digestion and LC-MS/MS: One-dimensional gels were excised and cut into 7 1-mm pieces and the proteins were reduced with 10 mM dithiothreitol in 25 mM 8 ammonium bicarbonate (ABC) solution and subsequently alkylated with 55 mM 9 iodoacetamide in 25 mM ABC solution. Trypsin digestion was carried out for 14 h at 10 37˚C and peptides were extracted with solutions of 50% acetonitrile (ACN)/0. was subjected into an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, 19 Waltham, MA, USA) with nano-electrospray using a gradient system. During gradient 20 analysis, a lock mass (m/z445) function was applied to obtain constant mass accuracy. 21 MS/MS spectral data were analyzed using Thermo Proteome Discoverer version 22 1.2.0.208 with a Mascot search engine (Matrix Science, London W1U 7GB UK), 1 using a translated dataset of the Ectocarpus genome. The parameters for data searching 2 were set as following: peptide tolerance as 10 ppm, MS/MS tolerance as 0.8 Da, 3 dynamic modification of methionine oxidation and static modification of cysteine 4 carbamidomethylation. Proteins were identified under FDR criteria of P<0.05. To 5 reduce the number of redundant proteins, proteins that had shared peptides were 6 grouped. Using three isolated flagellar preparations, the identifications were carried out 7 separately for 3 times. Proteins identified by two or more peptides and found in 2 8 experiments were assigned to the Colpomenia bullosa flagellar proteome (CbFP). 9
Irrelevant proteins such as trypsin and keratins were excluded before analysis. 10
Protein analysis: Gene Ontology annotation and analysis were performed using the 11 Blast2Go software (http://www.blast2go.com/b2ghome). Prediction of transmembrane 12 helices was performed using the TMHMM Server 13 (http://www.cbs.dtu.dk/services/TMHMM). 14 The strategy for searching orthologous proteins of brown algae flagellar proteome was 15 modified from a previously described method (Broadhead et al. 2006) . The genome 16 translation data of 17 selected organisms (Aureococcus anophagefferens, Thalassiosira 17
pseudonana, Phaeodactylum tricornutum, Phytophthora infestans, Chondrus crispus, 18
Cyanidioschyzon merolae, Chlamydomonas reinhardtii, Micromonas pusilla, 19
Ostreococcus tauri, Arabidopsis thaliana, Guillardia theta, Tetrahymena thermophila, 20
Trypanosoma brucei, Schizosaccharomyces pombe, Batrachochytrium dendrobatidis, 21
Strongylocentrotus purpuratus and Homo sapiens) were retrieved from the NCBI 22 database (http://www.ncbi.nlm.nih.gov/genome). The genome data of Bigelowiella 1 natans was retrieved from the JGI database 2 (http://genome.jgi.doe.gov/Bigna1/Bigna1.home.html). A local reciprocal blast 3 application was developed using the BLAST+ version 2.2.26 obtained from NCBI 4 (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST). First round blast was 5 carried out to screen 495 CbFP proteins against each organism's genome with an 6 e-value cut off of ≤ 1e -10 and percentage of identical matches ≥ 30%. If a best-hit 7 sequence was found in the genome, the corresponding protein in CbFP was labeled in 8 red in Supplementary Table 2 ; otherwise, query sequences that did not pass the e-value 9 entry test were indicated in blue. The subsequent round of blast was performed with the 10 same parameters using genome proteins as query sequences and CbFP as the subject 11 sequences. Only the sequences of CbFP that passed the reciprocal blast, with query 12 coverage ≥ 30% in the first round blast, were accepted as proteins with orthologs in one 13 other genome, and these proteins were indicated in yellow. 657 flagellar protein 14 sequences were obtained from the Chlamydomonas Flagellar Proteome Database 15 (http://labs.umassmed.edu/chlamyfp/index.php), the data of which was derived from 16 another flagellar proteomics study (Pazour et al. 2005) . The CbFP was compared with 17 the 657 sequences by BLASTP with an e-value cut off of ≤ 1e Abbreviations: ARL, ADP-ribosylation factor protein; PACRG, parkin co-regulated gene; PKA, protein kinase A; PKD, polycystic kidney disease; PP1, protein phosphatase 1. *BLASTP was performed (with the e-value cutoff of ≤ 1e-10) for searching the homologues in human genome database.
